A quick and sensitive method to quantitate viral RNA synthesis has been developed. Utilizing glutaraldehyde to fix infected cells onto nitrocellulose paper, viral RNA can be probed directly in situ. Viral message can be detected from as few as 104 infected cells. This technique can be used to study viral gene expression and can be adapted to screen the activity of antiviral agents such as interferon.
Advances in the molecular biology of viruses have been greatly facilitated by nucleic acid hybridization techniques. The standard approach often involves the isolation and purification of nucleic acids before transfer to nitrocellulose (NC) paper for subsequent hybridization reaction. Several methods have been developed to bypass the isolation and purification steps. Bresser et al.
(1) described the use of Nal to denature and bind DNA and RNA to NC paper. Recently, other methods have been developed that rely on glutaraldehyde fixation and subsequent acetylation of the fixed samples (3, 5, 10) . The requirement of the acetylation step limits the cell-immobilizing matrix to polylysine-coated glass slides or glass fiber filters, which are inconvenient to prepare.
We have found that glutaraldehyde can be used to fix cells directly onto NC paper. After treating cells with proteinase K, we can proceed to hybridization without the acetylation step using radioactive probes. Viral RNA can be detected from as few as 6 x 103 infected cells. The procedure was designed to preferentially hybridize the probe to viral RNA, with minimal interference from a homologous DNA background. By using a replica filter treated with RNase, we can differentiate whether the hybridization target is DNA or RNA. We have used this technique to assay the effect of interferon on viral RNA replication.
MATERIALS AND METHODS
Cell lines and viruses. Cell lines and viruses were obtained from the American Type Culture Collection, Rockville, Md. Mouse L-929 fibroblasts and a human amniotic cell line (WISH) were grown in Dulbecco minimal essential medium (GIBCO) supplemented with 100 ,ug of streptomycin per ml-62 ,ug of penicillin per ml-2 mM glutamine-5% fetal bovine serum (Hyclone).
Murine encephalomyocarditis (EMC) virus was grown, and titers were determined on L-929 cells. Herpes simplex virus type 1 (HSV-1 strain MP) was grown on African green monkey kidney (Vero) cells, and titers were determined on both Vero and WISH cells.
Virus infection. At 24 h before infection, 2 x 106 cells were plated onto 60-mm-diameter Corning tissue culture dishes.
The medium was removed immediately before infection, and the monolayer was rinsed twice with phosphate-buffered saline (PBS). One of the cultures was trypsinized to calculate the total number of cells per dish. Then, 0.2 to 0.4 ml of diluted viral lysate was added to the monolayer at a multiplicity of infection of 1. Virus was allowed to adsorb at 37°C * Corresponding author.
for 30 min, after which 3 ml of medium was added. For EMC virus, the infected cells were incubated for an additional 4 h, whereas for HSV-1, incubation was terminated after 6 h.
Interferon pretreatment of cells. To assay the effects of interferon on EMC virus replication, L-929 cells were treated at 12 h before infection with mouse alpha interferon (Lee Biomolecular) at 0.1, 1, and 10 U/ml. After the interferon treatment, virus was added as described above.
Fixation of cells to NC filter. After incubation, the monolayers were removed from the plastic surface with either a rubber policeman or by trypsinization. Cell concentration was adjusted to 106 cells per ml in PBS. Serial twofold dilutions were made in PBS, and 100 ,ul of the diluted cells was spotted onto NC paper (Schleicher & Schuell) previously wetted with PBS, in a 96-well manifold filtering apparatus (Bethesda Research Laboratories).
The filter was then fixed in 3% NaCI-10 mM NaH2PO4-40 mM Na2HPO4 (pH 7.4)-1% glutaraldehyde (EM Science) at 4°C for 1 h and rinsed three times with proteolytic buffer (50 mM EDTA, 0.1 M Tris hydrochloride [pH 8] ). Fixed cells were digested in proteolytic buffer containing 20 ,ug of proteinase K (Boehringer-Mannheim) per ml at 37°C for 30 min. The filter was air dried briefly and placed directly in prehybridization buffer. RNA isolation and Northern transfer. Total RNAs from both infected and uninfected cells were isolated as described by Chomczynski and Sacchi (2) . Electrophoresis of RNA by using formaldehyde agarose gel and transfer to NC filter was done according to Maniatis et al. (7).
Hybridization probes. The recombinant plasmid pEM3 containing the major portion of the EMC viral genome was kindly provided by A. Palmenberg (8) . The HSV-1 recombinant plasmid pRB201, encoding early genes corresponding to the HindIII H and M fragments of the HSV-1 genome map (9), was kindly provided by B. Roizman, Chicago, Ill.
The probes were radiolabeled by the oligonucleotide random-priming method. Briefly, the DNA (0.2 ,ug) was denatured by boiling and labeled in a reaction buffer containing 50 mM Tris hydrochloride (pH 7. Hybridization. The hybridization was done according to Maniatis et al. (7), with some modifications. The filter was first wetted in 3x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and underwent a prehybridization step for 2 h at 65°C in 3x SSC-35% formamide-lx Denhardt solution-0.5% sodium dodecyl sulfate (SDS)-100 ,ug of sonicated salmon sperm DNA per ml. The prehybridization buffer was then removed, and the filter was hybridized with the denatured probe in the prehybridization buffer, adjusted to 10 mM EDTA, for 12 h. The filter was washed sequentially at room temperature with 2x SSC-0.5% SDS for 15 min, lx SSC-0.5% SDS for 15 min, and 0.1x SSC-0.5% SDS at 55°C until the radioactive background was low. The filter was air dried and autoradiographed at -70°C with an intensifying screen.
RESULTS
Detection of the viral RNA in situ. To evaluate the in situ hybridization technique, we chose EMC virus, a picornavirus which has high rate of transcription and replicates via an RNA intermediate. Infected samples were harvested at 4 h, at which time maximum viral RNA has accumulated (11) . Infected cells were then fixed and probed with 32P-labeled pEM3. The uninfected L-929 cells showed no hybridization, whereas 6 x 103 infected cells were sufficient to give a positive signal (Fig. 1A) .
To rule out the possibility that the hybridization signal was due to carry-over of the viral RNA from the lysate used to infect cells, a 30-min postinfection sample was included on the filter (Fig. 1A, vir.30 min) . This sample showed no hybridization, indicating that the viral RNA detected by this technique was derived from the replication and transcription of EMC virus in infected cells.
We further demonstrated that if we omitted the glutaraldehyde fixation step, the hybridizing signal was drastically reduced (Fig. 1A, unfixed) . Furthermore, the viral RNA fixed by glutaraldehyde was still susceptible to degradation by RNase. The addition of 1 mg of RNase (DNase free, Sigma) per ml to the prehybridization and hybridization buffers completely destroyed the target RNA (Fig. 1A,  RNase) .
As a parallel experiment, we performed a Northern (RNA) blot analysis under the identical conditions (Fig. 1B) . The total RNAs isolated from 5 x 106 cells were analyzed. The uninfected and 30-min postinfection RNAs show no hybridization signal, whereas the 4-h postinfection RNA shows a single hybridization band at the 7-kilobase position and represents the full-length EMC virus transcripts. The result of this analysis is consistent with the previous in situ hybridization results.
The sensitivity of in situ hybridization allows the detection of viral RNA from a minimum of 6 x 103 virus-infected cells. We determined the feasibility of using the standard RNA extraction and Northern blot procedures to detect viral mRNA from small samples. Total RNA was extracted from 104 cells and analyzed by Northern blot; however, there was no hybridization signal detected (Fig. 1B, lanes 1 x 104) . The latter result could be attributed to low yield and loss of materials, which are common to multistep isolation procedures. Detection Fig. 2 , using NaOH to fix the cells to NC filters (6) . The results of the RNA experiment are summarized (Fig. 3) . Specific viral mRNA was detected at 6 h after infection. To This indicates that the RNase did not destroy the ability of the probe to hybridize to the available target.
Application to interferon assay. Since this in situ hybridization assay was very quick and sensitive, we adapted it to titrate the antiviral activity of interferon. L-929 cells were treated with different concentrations of recombinant mouse alpha interferon before infection, after which cells were fixed as described in Materials and Methods. Interferon at a concentration of 1 U/ml showed some inhibition of viral replication as mneasured by autoradiography (Fig. 4) . At 10 U/ml there was a dramatic decrease in the hybridization signal, indicating that this level of interferon significantly inhibits viral RNA synthesis. 
DISCUSSION

